ABSTRACT: Membrane-intrinsic enzymes are embedded in lipids, yet how such enzymes interrogate lipid substrates remains a largely unexplored fundamental question. The outer membrane phospholipid:lipid A palmitoyltransferase PagP combats host immune defenses during infection and selects a palmitate chain using its β-barrel interior hydrocarbon ruler. Both a molecular embrasure and crenel in Escherichia coli PagP display weakened transmembrane β-strand hydrogen bonding to provide potential lateral routes for diffusion of the palmitoyl group between the hydrocarbon ruler and outer membrane external leaflet. Prolines in strands A and B lie beneath the dynamic L1 surface loop flanking the embrasure, whereas the crenel is flanked by prolines in strands F and G. Reversibly barricading the embrasure prevents lipid A palmitoylation without affecting the slower phospholipase reaction. Lys42Ala PagP is also a dedicated phospholipase, implicating this disordered L1 loop residue in lipid A recognition. The embrasure barricade additionally prevents palmitoylation of nonspecific fatty alcohols, but not miscible alcohols. Irreversibly barricading the crenel inhibits both lipid A palmitoylation and phospholipase reactions without compromising PagP structure. These findings indicate lateral palmitoyl group diffusion within the PagP hydrocarbon ruler is likely gated during phospholipid entry via the crenel and during lipid A egress via the embrasure.
The molecular mechanisms by which integral membrane enzymes select lipid substrates impact signal transduction and membrane biogenesis within all biological cells (1) (2) (3) . Despite recent progress in the structural biology of integral membrane proteins (4) , only a handful of known structures are enzymes of lipid metabolism. Along with the lipid cofactor-utilizing respiratory enzymes, only two other enzymes of eicosanoid biosynthesis (5-7) and a diacylglycerol kinase (8) represent determined subunit structures of bitopic transmembrane R-helical lipid metabolic enzymes. Another group of monotopic lipid enzyme structures engages the hydrophobic core of the bilayer using R-and/or β-motifs to bury into one membrane leaflet only (9, 10) . Fundamental questions concerning lipid recognition by membrane enzymes remain largely unexplored (10) , but robust β-barrel enzymes from the outer membranes of Gramnegative bacteria are providing intriguing answers (11) (12) (13) (14) .
The outer membrane palmitoyltransferase PagP catalyzes transfer of palmitate from the sn-1 position of a phospholipid to the hydroxyl group of the (R)-3-hydroxymyristate chain at position 2 of lipid A (endotoxin) (Figure 1 ) (15, 16) . PagP is a heat-stable 161-amino acid β-barrel enzyme, intrinsically lacking cysteine residues, which can fold reversibly in a defined detergent micellar enzymatic assay system (17) . In Escherichia coli and related pathogenic Gram-negative bacteria, PagP combats host immune defenses by restoring the bacterial outer membrane permeability barrier (18) (19) (20) (21) and attenuating endotoxin signaling through the host TLR4 inflammation pathway (22) (23) (24) (25) . The pagP gene is transcriptionally activated through the bacterial PhoP/PhoQ virulence signal transduction network in response to membrane-perturbing antimicrobial peptides (26) , immunological agents PagP helps the bacteria to resist (18, 20, 27) . PagP thus provides a target for the development of anti-infective agents, but it also provides a tool for synthesizing novel vaccine adjuvants and endotoxin antagonists (28) .
The structure of E. coli PagP has been determined both by solution nuclear magnetic resonance (NMR) 1 spectroscopy and by X-ray crystallography to reveal an eight-stranded antiparallel β-barrel preceded by an N-terminal amphipathic R-helix (29, 30) . Like those of other β-barrel membrane proteins, the center of the PagP β-barrel is relatively rigid with an increasing mobility gradient as one moves toward the flexible outer loops. Remarkably, the PagP active site residues His33, Asp76, and Ser77, among others yet to be described, are localized to these dynamic extracellular loops. NMR studies indicate the presence of processes with time scales ranging from picoseconds to milliseconds in the L1 loop region where chain density could not be found in the X-ray analysis (29, 31) . However, X-ray studies identified a single detergent molecule buried within the rigid β-barrel core, which corresponds to the binding site for the phospholipid sn-1 palmitate chain (30) . These structural dynamics indicate PagP likely alternates between a relaxed state facilitating lipid substrate access from the membrane phase and a tense state organizing catalytic residues around the lipid substrates once bound.
PagP is exquisitely selective for a 16-carbon palmitate chain because its hydrocarbon ruler excludes lipid acyl chains varying in length by a solitary methylene unit (17, 30) . The PagP hydrocarbon ruler is delineated by the detergent-binding hydrophobic pocket buried within the β-barrel structure ( Figure 2 ) (30) , and mutation of Gly88 can raise the hydrocarbon ruler floor to correspondingly shorten the selected acyl chain (17) . The localization of the PagP hydrocarbon ruler within the outer membrane external leaflet must be rationalized with the asymmetric lipid distribution of the bacterial outer membrane. The external leaflet is lined by lipopolysaccharide (LPS) molecules anchored by their lipid A moiety, whereas the periplasmic leaflet is lined by phospholipid molecules (32, 33) . Hydrophobic antibiotics and detergents freely permeate phospholipid bilayers, but they cannot penetrate the outer membrane because neighboring negatively charged LPS groups are ionically bonded by bridging divalent cations (34) (35) (36) . PagP lies dormant in the outer membrane when lipid asymmetry restricts the phospholipid palmitoyl donor to the inner leaflet, but permeability defects involving aberrant external leaflet phospholipid migration directly trigger lipid A palmitoylation (21, (37) (38) (39) (40) .
Once a phospholipid molecule arrives in the outer membrane external leaflet, the mechanism by which the palmitoyl group transits between the membrane and PagP interior hydrocarbon ruler remains to be elucidated. A driving force for outer membrane β-barrel protein folding comes from hydrogen bonding between backbone amide proton and carbonyl oxygen atoms within the nonpolar membrane environment (41, 42) . The interiors of typical β-barrel membrane proteins are shielded from membrane lipids because of this continuous β-strand hydrogen bonding, and proline residues lacking an amide proton to donate a hydrogen bond are usually excluded from transmembrane β-strands (43). Nevertheless, proline residues are strikingly localized within the PagP transmembrane β-strands at two sites flanking Pro28 in strand A and Pro50 in strand B ( Figure 2B ), which creates a β-bulge beneath the dynamic L1 surface loop (29, 31) , and flanking Pro127 in strand F and Pro144 in strand G (Figure 2A ) (30) . We refer to these external leaflet-exposed regions of weakened transmembrane β-strand hydrogen bonding in PagP as the embrasure, for the window between strands A and B, and as the crenel, for the indentation between strands F and G.
Although the embrasure and crenel provide potential routes for lateral lipid diffusion between the hydrocarbon ruler and outer membrane external leaflet, the PagP crystal structure indicates physical openings to facilitate lateral lipid exchange are blocked by amino acid side chains (30) . The question of whether conformational changes gate lipid access or if an altogether different mechanism extrudes the palmitoyl group out of the membrane plane and over the β-barrel wall remains. Here we mutate prolines flanking the PagP embrasure and crenel to cysteines without compromising protein folding and activity in vitro. The influence on the PagP enzymology of physical barricades between the flanking cysteines is wholly consistent with a lateral diffusion lipid gating mechanism. These and other mutational and enzymological results support a model in which lipid acyl chains diffuse laterally between the biological membrane and the interior of an integral membrane lipid-metabolic enzyme.
EXPERIMENTAL PROCEDURES
DNA Manipulations and Protein Purification. Mutagenesis was performed using the primer sets listed in Table 1 and the pETCrcAHΔS vector as described previously (29) . PagP was expressed using isopropyl β-D-thiogalactopyranoside (IPTG) induction in E. coli BL21(DE3) for purification and folding as previously reported (17) . Protein samples precipitated from water prior to detergent folding were dissolved in a 50:50 solution of 1% formic acid and acetonitrile just prior to electrospray ionization mass spectrometry (ESI-MS). The sample concentration was maintained at 1 ng/μL and the sample injected directly onto a Waters/Micromass Q-TOF Ultima Global (a quadrupole timeof-flight) mass spectrometer. The spectra were reconstructed using the MassLynx 4.0 MaxEnt 1 module. Detergent-folded samples were precipitated for ESI-MS via addition of 1.25 mL of PagP at 1 mg/mL in 10 mM Tris-HCl (pH 8.0) and 0.1% lauryldimethylamine-N-oxide (LDAO) to 3.75 mL of 8 M guanidine hydrochloride (Gdn-HCl) and dialysis overnight against water. To avoid intermolecular cross-linking between Cys-carrying mutants during folding, precipitated samples were initially solubilized in 5 mL of 10 mM Tris-HCl (pH 8.0), 6 M Gdn-HCl, and 10 mM β-mercaptoethanol (βME) and heated at FIGURE 2: Lipid A palmitate chain selected by a β-barrel interior hydrocarbon ruler. PagP is an eight-stranded antiparallel β-barrel (green) with its hydrocarbon ruler delineated by an internalized LDAO detergent molecule (yellow), which is aligned with the external leaflet of the bacterial outer membrane. Aromatic belt residues in black wireframe representation define the membrane boundaries between the cell surface and periplasmic space. Pro f Cys substitutions flanking the PagP crenel (Pro127Cys/Pro144Cys) (A) and embrasure (Pro28Cys/Pro50Cys) (B) indicate cysteine sulfhydryl groups will localize near C γ of the corresponding proline residues (gray). These prolines likely help to weaken local transmembrane β-strand hydrogen bonding in the outer membrane external leaflet to create the crenel and embrasure apertures shown schematically on the right. Cysteine oxidation of the PagP embrasure can be driven by copper phenanthroline, whereas the crenel cysteines can by alkylated by dibromobimane. The L1 loop and associated Lys42 are disordered in the PagP structure crystallized from LDAO (PDB entry 1THQ), but these elements were introduced and energy minimized in the model shown. His33, Asp76, and Ser77 were previously implicated in catalysis. The β-strands (A-H) are indicated in white letters on the structures and in black letters on the schematic diagrams. The amino (N) and carboxyl (C) termini are indicated for both structures.
50°C for 2 h. The folding buffer also contained 5 mM βME (17) . Folded proteins were concentrated through Ni 2þ affinity chromatography and dialyzed against 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO to remove imidazole and βME. βME was not needed for Cys-carrying mutations after folding because the sulfhydryl groups were protected from air oxidation within the detergent micelle. All protein stock solutions were maintained at a concentration of 2 mg/mL determined using the Edelhoch method (44) or bicinchoninic acid assay (45) .
Copper Phenanthroline Oxidation. Cu 2þ -(1,10-phenanthroline) 3 [Cu(OP) 3 ] can drive disulfide bond formation in membrane environments (46, 47) . To obtain a final concentration of 10 mM Cu(OP) 3 in 10 mL, 19.8 mg of 1,10-phenanthroline monohydrate was dissolved in 0.5 mL of ethanol and the volume was adjusted with 9.5 mL of dH 2 O before 13.22 mg of Cu(II)SO 4 was dissolved. The oxidation was conducted with 1 mM Cu(OP) 3 at 4°C for 2 h in a 15 mL falcon tube using 5 mL of 0.1 mM PagP in 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO. The reaction was terminated by addition of 20 μL of 500 mM ethylenediaminetetraacetic acid (EDTA), and the mixture was dialyzed overnight against 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO. Heating protein in the presence of 500 mM βME at 50°C for 2 h reduced the disulfide bridge (48) .
Dibromobimane Alkylation. Dibromobimane (bBBr) introduces a fluorophore across thiol groups lying within 5-7 Å of each other (49) . To generate a 100 mM bBBr solution, 0.035 g of bBBr was dissolved in 1 mL of acetonitrile. PagP at 0.1 mM in 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO was incubated at 37°C for 1 h with 1 mM bBBr. The reaction was terminated by addition of 5 mM βME and the mixture dialyzed against 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO. Fluorescence spectra were recorded using a Varian Cary Eclipse fluorescence spectrophotometer. Protein samples in 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO at a concentration of 0.50 mg/mL were excited at 393 nm, and emission spectra were recorded over the range of 400-600 nm.
Quantitation of Sulfhydryl Groups Using Ellman's Reagent. Ellman's reagent 5,5 0 -dithiobis(2-nitrobenzoate) (DTNB) was freshly dissolved in 50 mM sodium acetate at 2 mM and kept at 4°C. Free thiols in PagP were reacted under either native (0.1% LDAO) or denaturing (6 M Gdn-HCl) conditions using 0.1 mM DTNB in 100 mM Tris-HCl (pH 8.0). After a 10 min incubation at room temperature, the absorbance at 412 nm was measured using a Varian Cary 50 Bio-UV-visible spectrophotometer and the free thiol concentration estimated using an extinction coefficient of 13600 M -1 cm -1 (50). SDS-PAGE Analysis. The folded PagP samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a noncommercial 16% Tris-glycine gel prepared under reducing and nonreducing conditions (51) . Prior to the gel being loaded, samples were diluted 1:1 with Laemmli solubilization buffer with or without 10 mM dithiothreitol (DTT) for reducing conditions and nonreducing conditions, respectively. The gel was run at 120 mV and stained using Coomassie Blue. After being stained for 2 h, the gel was destained overnight in 10% acetic acid. Each lane was loaded with 6 μg of PagP unheated or boiled at 100°C for 10 min.
Circular Dichroism Spectroscopy. Samples analyzed by near-and far-ultraviolet (UV) circular dichroism (CD) were maintained at a concentration of 1.0 mg/mL (near-UV CD) or 0.3 mg/mL (far-UV CD) in 10 mM Tris-HCl (pH 8.0) and 0.1% LDAO using a cuvette with a path length of 1 mm. The samples were analyzed using an Aviv 215 spectrophotometer, which was linked to a Merlin Series M25 Peltier device for temperature control. For each sample, three accumulations were averaged at a data pitch of 1 nm and a scanning speed of 10 nm/min. The temperature was maintained at 25°C, and data sets were obtained from 200 to 260 nm for far-UV CD and 250-300 nm for near-UV CD. Thermal denaturation profiles were obtained by heating the samples from 20 to 100°C at 218 nm with a temperature slope of 2°C/min and a response time of 16 s.
Palmitoyltransferase Assays. Details for the preparation of [ 32 P]Kdo 2 -lipid A, which carries two units of 3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo), for thin layer chromatography (TLC) assays have been previously described (17) . Phospholipase assays were conducted using phosphatidylcholine (PtdCho) in a volume of 25 μL with di-[1-
14 C]-16:0-PtdCho to achieve a final concentration of 20 μM (4000 cpm/μL). The lipid was dried under a stream of N 2 (g) and dissolved in 22.5 μL of reaction buffer containing 0.1 M Tris-HCl (pH 8.0), 10 mM EDTA, and 0.25% n-dodecyl β-D-maltoside (DDM). The reactions were started via addition of 2.5 μL of PagP to give 1 μg/mL in the assay conducted at 30°C. Reactions were terminated by adding 12.5 μL of the reaction mixture to 22.5 μL of a 1:1 CHCl 3 /MeOH mixture to generate a two-phase mixture from which 5 μL of the lower organic phase provided 10000 cpm for spotting onto a silica gel 60 TLC plate. The experiment was conducted for 5 h with the reaction being spotted once every hour. The TLC plates were developed in a CHCl 3 /MeOH/H 2 O (65:25:4, v/v) solvent system equilibrated in a sealed glass tank. The plates were exposed overnight to a PhosphorImager screen and developed the following day with a Molecular Dynamics Typhoon 9200 PhosphorImager. Reaction mixtures were supplemented with 10% (v/v) glycerol or 100 μM 16:0 and 14:0 monoglycerides where indicated. The phospholipase A 2 control (4 milliunits/μL) was incubated with 10 mM CaCl 2 in place of EDTA.
RESULTS
Proline residues were substituted with cysteine, both singly and in pairs, using site-directed mutagenesis with the primer sets shown in Table 1 and IPTG-inducible PagP expression plasmid pETCrcAHΔS (29) . The expressed proteins possess a C-terminal hexahistidine tag and lack the N-terminal signal peptide to target PagP for secretion to the outer membrane. The proteins are expressed as insoluble aggregates, which can be dissolved in GdnHCl, purified by nickel affinity chromatography, and folded by dilution into the detergent LDAO (17) . Mutations were confirmed both by DNA sequencing of the mutant plasmids and by ESI-MS of the purified proteins. ESI-MS performed on PagP and its derivatives (17, 52) yields experimental protein masses accurately matching theoretical predictions ( Table 2 ). The presence of free thiol groups in PagP leads to the formation of an intermolecular disulfide-linked dimeric species when dilute formic acid is used to solubilize the precipitated samples prior to ESI-MS (17) .
Barricading the PagP Embrasure and Crenel by Cysteine Cross-Linking. On the basis of the PagP structure previously crystallized from LDAO, we expected cysteine sulfhydryl groups in Pro f Cys double mutants to localize near C γ of the corresponding proline residues (Figure 2) (30) . On that basis, the embrasure sulfhydryl groups of Pro28Cys/Pro50Cys PagP should localize to a dynamic region of the protein (29, 31) within sufficient proximity to form an intramolecular disulfide bond. In contrast, the crenel sulfhydryl groups of Pro127Cys/Pro144Cys PagP should localize to a structured region separated by a gap of ∼5 Å thus requiring a local polypeptide backbone repositioning to establish a 2.05 Å disulfide bond (30) . Interestingly, no spontaneous cysteine oxidation occurs in the detergent micelle environment for either folded Pro28Cys/Pro50Cys PagP or folded Pro127Cys/Pro144Cys PagP, and only in the former mutant could the reaction be driven forward by addition of the membrane permeable oxidizing reagent Cu(OP) 3 ( Figure 2B ) (46, 47) . ESI-MS could not reliably measure the 2.02 Da decrease associated with PagP embrasure intramolecular disulfide bond formation (Table 2 ), but the full mass spectrum clearly excludes any intermolecular dimer formation following Cu(OP) 3 oxidation ( Figure 3A) . To validate intramolecular disulfide bond formation in the folded protein, we took advantage of the intrinsically dissymmetric disulfide bond n f σ* transitions, which, together with contributions from interacting aromatic side chain π f π* transitions, can manifest near-UV CD ellipticity centered around 260 nm (53, 54) . A dependence of the CD rotational strengths on the disulfide bond dihedral angle means either positive or negative ellipticity can manifest itself in the near UV (55-57). Intriguingly, PagP embrasure oxidation using Cu(OP) 3 introduced positive ellipticity at 260 nm, and subsequent reduction by excess βME occurred only when combined with a 50°C heat treatment ( Figure 3B ) (48) . When PagP remained folded in 0.1% LDAO, free thiols flanking the PagP embrasure were unreactive to Ellman's reagent DTNB (50) . However, DTNB did react when the PagP embrasure mutant at 6.6 μM was denatured in 6 M Gdn-HCl, thus yielding ∼2 molar equiv of sulfhydryl groups measured at 12.1 μM. Cu(OP) 3 oxidation in LDAO proceeded to ∼95% completion because subsequent DTNB reaction in Gdn-HCl yielded free thiols remaining in the PagP embrasure mutant at only 0.7 μM.
Our failure to oxidize the folded PagP crenel sulfhydryl groups suggests insufficient conformational dynamics exist to bridge the ∼5 Å gap. We opted instead to introduce a barricade using irreversible alkylation with the homobifunctional cross-linking reagent bBBr, which is ideally suited to bridge gaps of ∼5 Å (49, 58-60). Intramolecular bimane cross-linking of the PagP crenel was validated by ESI-MS detection of the expected 190 Da increase (Table 2 ) with no intermolecular dimer formation ( Figure 3C ). Fluorescence imparted by bBBr bisalkylation was detected with an excitation at 393 nm resulting in a λ max of 466 nm ( Figure 3D ). The 477 nm λ max reported previously for soluble bBBr-modified proteins (49) suggests an 11 nm blue shift is associated with bimane cross-linking of the PagP crenel, possibly reflecting fluorophore localization within a more hydrophobic environment.
Embrasure and Crenel Barricades Do Not Compromise PagP Structural Integrity. SDS-PAGE provides a facile means of evaluating the effectiveness of PagP folding in vitro. PagP folded in LDAO can be diluted into SDS where the β-barrel structure is maintained until heating induces a denatured state dominated by R-helical structure (17) . When resolved by SDS-PAGE, the folded β-form of PagP migrates faster in some gel systems (15, 17) and slower in others (61, 62) , but quantitative folding manifests a single band regardless of the gel system employed. According to this criterion, the PagP embrasure and crenel Pro f Cys mutants were all completely folded, as were the double mutants before and after chemical treatments with Cu(OP) 3 and bBBr (Figure 4) . Under nonreducing conditions, only the unfolded R-forms possessing free sulfhydryl groups were capable of migrating as disulfide-linked dimers. Consistent with our observed Cu(OP) 3 requirement to drive embrasure disulfide bond formation in LDAO (Figure 3B ), the sulfhydryl groups in the folded β-form PagP Pro f Cys mutants were all protected from spontaneous air oxidation (Figure 4) , possibly due to shielding within a more hydrophobic micellar milieu.
The PagP far-UV CD spectrum provides a measure of secondary structure content and thermal stability (17, 53) , but also a measure of tertiary structural integrity because the hydrocarbon ruler floor is coupled to a rare signature in CD known as an aromatic exciton couplet (63) . The exciton is a consequence of excited state delocalization between Tyr26 and Trp66 aromatic π f π* transitions, which in their folded geometry near the hydrocarbon ruler floor interact to manifest positive ellipticity at 232 nm together with an equivalent enhancement of the negative ellipticity at 218 nm. The 218 nm signal in PagP thus results from the superpositioning of the negative exciton band upon the stronger Cotton effect for the polypeptide n f π* transition, which also arises at 218 nm due to the PagP β-barrel structure (17) . The exciton contribution at 218 nm is thermally sensitive because it disappears in response to heating above 40°C, whereas the n f π* transition is lost only at temperatures above 80°C ( Figure 5 ). Protein aggregation occurring at temperatures above 80°C precludes reversible folding in this LDAO detergent system, but the midpoint of 88°C corresponds to a true melting temperature established previously by differential scanning calorimetry (17) . Importantly, the embrasure and crenel Pro f Cys mutants, and the double mutants before and after chemical treatments with Cu(OP) 3 and bBBr, all display far-UV CD spectra and 218 nm thermal unfolding profiles indistinguishable from those of wild-type PagP ( Figure 5 ). Furthermore, the intrinsic thermal stability of the PagP β-barrel satisfactorily protects the enzyme from denaturation during 50°C βME reduction of the oxidized embrasure ( Figure 5B,D) . We conclude that PagP tertiary structural integrity and stability have not been compromised by the embrasure and crenel Pro f Cys substitutions, by the reversible oxidation or reduction of the embrasure, or by the irreversible alkylation of the crenel.
Lys42Ala PagP Is a Dedicated Phospholipase in Vitro. PagP phospholipid:lipid A palmitoyltransferase activity is monitored in vitro using a defined detergent micellar enzymatic assay with TLC separation of radioactive lipid products (17) . The inhibitory LDAO detergent used during PagP folding is exchanged by dilution into DDM to support enzymatic activity. PagP is highly selective for a palmitoyl group at the sn-1-position in a glycerophospholipid, but largely unspecific for the polar headgroup (15) . We employ the palmitoyl donor di-16:0-PtdCho and the palmitoyl acceptor [ Although three PagP amino acid residues were shown previously by mutagenesis to be essential for in vitro lipid A palmitoylation (29), a subsequent survey of all conserved cell surfaceexposed ionizable functional groups identified 11 such residues (unpublished results). Uniquely, the Lys42Ala substitution revealed the only PagP mutant to function in vitro as a dedicated phospholipase ( Figure 6 ). Lys42Ala PagP was purified and its structural integrity validated here (Tables 1 and 2 and Figure 5A ,C) because it remains the only known PagP specificity determinant for lipid A recognition. Lys42 localization in the disordered L1 surface loop thus identifies the PagP embrasure as a likely locus for the access of lipid A to the hydrocarbon ruler.
Lateral Lipid Diffusion through the PagP Embrasure and Crenel. The PagP embrasure and crenel double mutants, together with each single Pro f Cys mutant, all display wild-type lipid A palmitoylation and phospholipase activity ( Figure 6 ). Exposure to βME does not stimulate PagP activity, but closing the embrasure by Cu(OP) 3 oxidation eliminates lipid A palmitoylation without affecting phospholipase activity, thus recapitulating Lys42Ala mutant behavior. Subsequent exposure of the oxidized embrasure to excess βME fully restores lipid A palmitoylation (Figure 6 ), but only after 50°C heat treatment needed to reduce the embrasure disulfide bond ( Figure 3B ). Barricading the crenel with bBBr inhibits both lipid A palmitoylation and phospholipase reactions ( Figure 6 ) without compromising PagP structure ( Figure 5A,C) , thus implicating the crenel as a locus for glycerophospholipid discrimination. The retention of slow phospholipid hydrolysis after embrasure closure indicates water molecule access remains unimpeded. PagP does not function as a phopholipase in vivo where it is continually exposed to LPS (28) , but in vitro phospholipid hydrolysis implies the existence of a "hydrophilic funnel" to channel water from bulk solvent to the active site as proposed for other membrane-intrinsic lipid enzymes employing a soluble cosubstrate (10) .
To further validate this model, we took advantage of findings PagP can palmitoylate various nonspecific miscible and fatty alcohols in vitro (64) . Addition of methanol, ethanediol, propanediol, or glycerol to the phospholipase reaction results in production of the corresponding palmitoyl esters. The fatty alcohols Triton X-100 and various monoglycerides are also palmitoylated when added to the phospholipase reaction mixture, and the palmitoylation of lysophospholipids can result in palmitoyl group exchange between different classes of phospholipids in vitro (64) . We reasoned embrasure closure should distinguish palmitoyl group transfer to acceptors arriving via a lateral route versus a hydrophilic funnel. Using glycerol and its palmitoylated or myristoylated monoglycerides as acceptors, we demonstrate palmitoylation of only the fatty alcohols is completely impeded by embrasure closure (Figure 7) . Palmitoyl group transfer to water remains unimpeded, whereas embrasure closure renders glycerol just 2-fold less effective as a palmitoyl acceptor. These findings indicate phospholipid donor palmitoyl groups within the PagP hydrocarbon ruler can be resolved slowly by water or miscible alcohols arriving from the bulk solvent phase in vitro, but either lipid A or nonspecific fatty alcohol acceptors are more rapidly engaged via a strict lateral route taken through the embrasure.
DISCUSSION
Amphiphilic detergents possessing both polar and nonpolar functional groups often disrupt lipid bilayer structural features essential for the normal function of integral membrane lipid metabolic enzymes, and many such enzymes prove to be recalcitrant toward functional detergent extraction from the membrane environment. The PagP detergent micellar enzymatic assay faithfully replicates key conditions in vivo because enzyme activity is triggered by lipid redistribution associated with a breach in the outer membrane permeability barrier (21, (37) (38) (39) (40) . Detergent micelles clearly accommodate PagP and both of its natural substrates (15, 17) , but the enzyme's exposure to local polar and nonpolar environments also matches those anticipated to exist in vivo. Shielding introduced cysteine sulfhydryl groups spanning the embrasure and crenel from oxidation only in the folded state (Figure 4) , combined with blue shifting of the crenelspanning bimane fluorophore ( Figure 3D ), indicates these membrane-intrinsic regions experience a hydrophobic environment also in the micellar milieu. The expected membrane surface exposure of the active site also faithfully anticipates the bulk solvent access revealed by slow phospholipid hydrolysis observed in vitro (Figures 6 and 7) . Since bacterial protein secretion is generally coupled to disulfide redox enzymology (65) , periplasmic chaperones (66) , outer membrane β-barrel docking machinery (67, 68) , and dedicated outer membrane lipid transport systems (39, 69) , addressing PagP lateral lipid diffusion in vivo is a considerable challenge. By reconstituting this basic process in vitro, we now provide a first validation for the PagP crenel and embrasure as bona fide structural adaptations for controlling lateral lipid diffusion between the outer membrane external leaflet and the β-barrel interior hydrocarbon ruler. We propose a model in which lateral palmitoyl group diffusion within the PagP hydrocarbon ruler is gated during phospholipid entry via the crenel and during lipid A egress via the embrasure (Figure 8) . A nonsequential acyl-enzyme mechanism would be obligatory if only a single lipid gateway existed for PagP hydrocarbon ruler access, but the presence of two such gateways indicates a sequential ternary complex mechanism is equally plausible (70) . The crenel and embrasure represent distinctly different regions in terms of protein structural dynamics, perhaps reflecting known differences in PagP substrate selectivity. The PagP crenel is highly structured according to X-ray crystallography (30) and incapable of spanning the ∼5 Å gap with an intramolecular disulfide bond (Figures 2A and 3C,D) , but we also expect it to be stringently selective for a phospholipid palmitoyl group (Figure 6 ), with sn-1-palmitoyl phosphatidic acid previously demonstrated to provide the simplest of the known efficient palmitoyl donors (15) . In contrast, NMR studies reveal the PagP embrasure to be highly dynamic (29, 31) and remarkably unselective insofar as it was previously demonstrated to recognize multiple lipid A substructures in vitro, including the most basic diacylglucosamine 1-phosphate moiety (lipid X) (15) . This dynamic embrasure region is also clearly responsible for the palmitoylation of nonspecific lipid alcohols (Figure 7) . After a conformational ordering in and around the L1 loop induces a catalytically competent PagP state, as revealed by prior relaxation-dispersion NMR investigations (31), the single embrasure-spanning Lys42 might suffice in vitro as the sole specificity determinant to neutralize negative charge on Kdo 2 -lipid A (Figure 8) .
We have previously argued the LPS-replete outer membrane external leaflet represents an environment of overly low selective pressure to demand stringent lipid A selectivity from PagP (28), but selective pressure likely acts to protect the phospholipid palmitoyl donor from unproductive hydrolysis. An induced-fit substrate binding mechanism might provide not only a means of shielding substrates from water molecules (71) but also a means of gating lipid access between the membrane and hydrocarbon ruler. The aforementioned ordering of residues in and around the L1 surface loop occurs only in a detergent system known to support PagP activity (31) . The crystal structure in the inhibitory LDAO (30) likely represents a latent state before PagP is triggered into an active state by perturbations to outer membrane lipid asymmetry (11) . Additional structural data derived from PagP in novel detergent systems (62) might eventually reveal the mechanisms by which lipid substrates and/or their analogues induce the conformational changes governing both catalysis and hydrocarbon ruler gating.
Although highly conserved or invariant proline residues flank the PagP crenel and embrasure, we successfully managed to fold all of the Pro f Cys mutants in vitro (Figure 4) . Prolines flanking the crenel are invariant in all PagP homologues so far identified, but those flanking the embrasure are not conserved in the most divergent species, perhaps reflecting known lipid A structural variations (16, 28) . Proline residues are clearly not essential to enable PagP hydrocarbon ruler lateral lipid diffusion, but the weakened transmembrane β-strand hydrogen bonding is likely critical. The outer membrane β-barrel transporter FadL channels long chain fatty acids from the bulk solvent directly into the outer membrane external leaflet through another embrasure structure displaying weakened hydrogen bonding, but achieved instead by a proline-independent shifting of the local β-strand registration (72) . If LPS received by the outer membrane protein LptD (Imp) (69, 73) proves to be transported through its β-barrel interior, then lateral lipid diffusion during LPS delivery into the outer membrane external leaflet could conceivably require channeling through a crenel structure. Our findings thus have general significance for outer membrane biogenesis processes in bacteria, chloroplasts, and mitochondria (74, 75). 
